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Biogas has been exploited as one of the alternative sources of renewable energy having the
potential to replace fossil fuels. It contains impurities when raw, as it consists of 50e70%
methane (CH4), 30e50% carbon dioxide (CO2) and trace gases such as hydrogen sulfide
(H2S). Chemical absorption is often a preferred purification technique in industrial appli-
cations because it has high efficiencies, removes H2S completely, operates at low pres-
sures, and has higher reaction rates. The focus of this study is on amines as they are widely
used worldwide to purify biogas. A continuous system was used where 1 L digester was
used for biogas production which was bubbled through an absorbent in 500 mL gas
washing bottle. The gas exiting the absorption column was analyzed using Gas Chroma-
tography. The methane yield obtained in this study was higher because MEA is a good
absorbent. The biomethane potential was found to be 0.40 m3 CH4/kg VS (volatile solids).
An increase in concentration resulted in increased co2 absorption capacity and rate, an
average of 76%, 78%, and 84% vol from an initial concentration of 52% vol were achieved for
the respective concentrations. The CH4 content of the purified biogas improved with
increasing temperature. The removal efficiency of carbon dioxide increased from 66% at
room temperature to 77% at 40 C. Temperature of the solvent increased the absorption
capacity and carbon dioxide removal efficiency of the process.
© 2017 Published by Elsevier B.V. on behalf of Institution of Chemical Engineers. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/
by-nc-nd/4.0/).1. Introduction
Due to increasing fuel prices, greenhouse gas emissions and
high energy demands from the ever-increasing developing
world, with high technology and new process developments a
sustainable and renewable source of energy is needed (Fan
et al., 2016; Kainiemi et al., 2015; Mao et al., 2014). South Af-
rica is also facing electricity challenges seen through the load.I. Maile).
on behalf of Institution
ons.org/licenses/by-nc-ndshedding implemented in the year 2008 and 2015 to ease the
burden of the electricity demand on the national grid. This is
proof positive that other forms of renewable energy sources to
supplement the currently available energy are required.
Biogas has been exploited as one of the alternative sources
of renewable energy having the potential to supplement the
current energy requirements. Its advantage is that it has
physical and chemical properties similar to those of naturalof Chemical Engineers. This is an open access article under the
/4.0/).
south african journal of chemical engineering 24 (2017) 122e127 123gas. Putting it on themap to be able to replace natural gas in all
applications such as the production of heat, electricity, and
use as vehicle fuel or NGV (natural gas vehicle) (Rongwong
et al., 2012; Hagmann et al., 2001; Deublein and Steinhauser,
2008). Biogas is economical and environmentally advanta-
geous because it helpsminimize land, water, and air pollution
by utilizing waste to produce energy.
Biogas contains impurities when raw, as it consists of
50e70% CH4, 30e50% CO2 and trace gases such as H2S (Maile
et al., 2015). This is the limitation to its applications as gases
like H2S can corrode the interior of engines and compressors
(Hagmann et al., 2001; Cantrell et al., 2007; Ryckebosch et al.,
2011). The CO2 is incombustible and causes the gas to be
denser, and probes compression challenges as it freezes at
pressures above 250 bar, which result in storage into cylinders
difficult (Freund et al., 2005). Hence purification and upgrading
are necessary.
There are four main techniques to remove impurities from
biogas, namely; absorption, adsorption, cryogenic separation
andmembrane separation. Pressure swing adsorption (PSA) is
a sensitive process which requires H2S removal before the
adsorption which may harm the adsorbing material. It also
incurs some high cost of operation (Zhao et al., 2010; Hullu
et al., 2008). Cryogenic separation is not often used as it re-
quires a number of process equipment such as heat ex-
changers, turbines, and compressors irrespective of the fact
that it produces upgraded gas of high purity (Zhao et al., 2010).
It also has the highest cost of purification as compared to the
other techniques (Hullu et al., 2008). Membrane separation is
widely used because it yields high methane quality gas
(Harasimowicz et al., 2007). Although it yields gas of high
purity which is often achieved by increasing the number of
modules which in turn leads to methane losses (Zhao et al.,
2010). Chemical absorption is often preferred in industrial
applications because it has high efficiencies, removes H2S
completely, operates at low pressures, and has higher reaction
rates (Zhao et al., 2010; Palmeri et al., 2008).
Different chemical absorbents are used in absorption
which has advantages and disadvantages. They include but
not limited to; alkalis, alkanolamines, ionic liquids and some
blends of readily available chemicals. The focus of this study
is on amines as they are widely used worldwide to purify
biogas. They are mainly preferred for their higher reliability,
greater suitability, and lower investment and running costsWater Bath
N2 Cylinder
Anaerobic
Digester
Valve
Samplin
Fig. 1 e Schematic diagram of lab set up fo(Molina and Bouallou, 2015). Themain focus being the primary
amineMonoethanolamine (MEA) as it has high carbon dioxide
absorptivity (Mao et al., 2014). The topic on purification of
biogas using MEA has been studied, but not much has been
done in the effect of temperature.
2. Materials and methods
A continuous system was used as shown in Fig. 1 1 L digester
was used for biogas productionwhichwas bubbled through an
absorbent in 500mL gas washing bottle. The digester was kept
in a water bath to maintain a constant operating temperature
throughout the experiment. To study the effect of tempera-
ture on absorption, the absorption column was also kept in a
water bath and the temperature varied accordingly. Nitrogen
gas was used to purge and create anaerobic conditions in the
system. A valve is used to let the N2 gas into the digester and
closed after purging is done. Two sampling points in a form of
T's closed with a septum between the processes, for the raw
biogas and the purified gas. The gas exiting the absorption
unit goes to 1 Lmeasuring cylinder for volume capturing using
downward displacement.
Monoethanolamine was used as an absorbent supplied by
Sigma-Aldrich (South Africa). 10e30 %wt solution was used
for the purification in a 500 mL vessel which was kept at
constant temperature. The gas exiting the absorption column
was analyzed using Gas Chromatography (SRI 8610C GC)
equipped with FID and TCD detectors, packed with 60 Hay-
esep-D/60 Molecular Sieve-13 X. 1mL SGE gas tight syringewas
used to draw the gas for sampling from the septa.
3. Results and discussions
Alkanolamines are widely used in chemical absorption,
especially MEA. MEA is a primary amine and it's good in the
absorption of carbon dioxide with the potential of also
absorbing the hydrogen sulfide. MEA in concentrations of 10%,
20%, and 30%were investigated in this study and the obtained
results are summarized in Table 1. The use of MEA in the
absorption of acidic gases has been under investigation
mainly because of its effectiveness. The methane yield ob-
tained in this study was higher because MEA is a good
absorbent. The biomethane potential was found to be 0.40 m3
CH4/kg VS.Water Bath
Absorption
Column
Bucket
Measuring
Cylinder
g point
Sampling Point
r absorption with monoethanolamine.
Table 1 e MEA effectiveness.
Gas Composition Raw
biogas
10% MEA 20% MEA 30% MEA
CH4 % 52 76 78 85
CO2 % 46 22 20 15
X % e 51 56 67
south african journal of chemical engineering 24 (2017) 122e1271243.1. The effect of solvent concentration on the absorption
rate
The results obtained from the experiments as shown in
Fig. 2eFig. 4 represents the findings on CO2 absorption using
MEA, with Table 2 displaying the notation for the acronyms in
the graphs. The effect of solvent concentration was studied
and it was observed from the graphs that an increase in
absorbent concentration results in an increase in CO2 ab-
sorption. This lead to an improved CH4 content in the gas, an
average of 76%, 78%, and 84% vol from an initial concentration
of 52% vol was achieved for the respective concentrations of
10%, 20%, and 30%. These observations are comparable to the
results obtained by (Ye et al., 2013). They observed that 30%
MEA concentration achieved higher CO2 absorption and had a
higher absorption rate.
Fig. 2 represent absorption behavior of MEA at 10% con-
centration at ambient temperature. Methane enrichment and
carbon dioxide removal were plotted on the same set of axis.
An improvement in methane content was observed from the0%
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Fig. 2 e Composition of biogas in the absorpti
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Fig. 3 e Composition of biogas in the absorptimethane content of the raw (MRS) of the biogas and the
methane content of the purified sample (MPS) which from the
plot which shows the highest methane content of 80% on day
20. The carbon dioxide of the purified sample (CPS) reached
the lowest content of 19%.
The absorption behavior of the absorbent at 20% concen-
tration was presented in Fig. 3. The increase in concentration
didn't yield significant improvement to the absorption ca-
pacity of the solvent as the highest methane attainedwas 81%
on day 3 as presented by the MPS plot. While the lowest car-
bon dioxide observed at 18% from the CPS plot which is still
high for biomethane purposes.
Fig. 4 represents the absorption behavior of the solvent at
30% concentration. An improvement was observed as
methane content reached its peak at 87% for the MPS plot.
This however still needs improvement which can be aided by
increasing the gas flow and the temperature of the absorbent.
The carbon dioxide content reduced to a low 12% as seen in
CPS plot at this concentration which is improved from the low
concentration of 10%.
The system like that of ammonia absorption was not that
stable and this may be the result of the inconsistent gas flow
rate into the absorption unit. The contact time between the
gas-liquid plays a huge role in the absorption process, it can
either hinder or enhance it. However, an increase in the MEA
concentrationmay lead to an increase in the solution viscosity
which in turn may affect the absorption rate. Consequently,
the concentration of CO2 also affects the absorption rate in
that it is directly proportional (Ye et al., 2013).0%
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Fig. 4 e Composition of biogas in the absorption of CO2 with MEA at 30% concentration.
Table 2 e Notation table for Figs. 2e4.
Acronym Meaning
MRS Methane (CH4) content of the raw
sample
MPS Methane (CH4) content of the
purified sample
CRS Carbon dioxide (CO2) content of the
raw sample
CPS Carbon dioxide (CO2) of the purified
sample
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efficiency
hCO2 ¼

1 CO2pur
CO2raw

 100% (1)
Where:
hCO2- carbon dioxide removal efficiency.
CO2pur-carbon dioxide content of the purified sample.
CO2raw-carbon dioxide of the raw sample.0%
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Fig. 5 e Efficiency of CO2 removal from theThe removal efficiency of MEA on CO2 was calculated
using Eq. (1). The daily and average CO2 removal efficiency
obtained as depicted in Figs. 5 and 6 are 51, 56, 67% for the
10, 20, and 30% respectively. The results obtained are not in
agreement with the results obtained by reference Ye et al.
(2012). They achieved a removal efficiency of over 80%.
However, they also observed that at ambient pressure the
removal efficiency is lower as compared to the high effi-
ciency at 3 MPa. Thus, justifying the low removal efficiency
obtained in this study.3.3. The effect of temperature on chemical absorption
Temperature affects any process and it was studied to
determine the effect it on the absorption of carbon dioxide by
MEA. Increasing the concentration in MEA has a slightly
negative impact as it increases the viscosity of the absorbing
solution which may, in turn, affect the absorption capacity.
However, an increase in temperature leads to a decrease in
viscosity of the solution and thus improves the absorption of
the solvent. Table 3 show the overall averages of the com-
positions and carbon dioxide removal efficiency at the
different temperatures.1 1 1 2 1 3 1 4 1 5 1 6 1 7 1 8 1 9 2 0 2 1
n time [days]
20% 30%
gas as a function of time using MEA.
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Fig. 6 e CO2 capture efficiency for absorption with MEA.
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Fig. 7 e Methane content from
Table 3 e Summary of results on temperature variation.
Parameter RMT 30 C 40 C
CH4 83 84 88
CO2 16 15 11
ƞ 66 68 77
Where: RMT- ambient temperature.
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south african journal of chemical engineering 24 (2017) 122e127126The CH4 content of the purified biogas improved with
increasing temperature, as depicted in Fig. 7. There was not a
significant improvement at 30 C as it increased from 83 to
84%, however, a significant rise is observed when the tem-
perature is 40 C. An increase in temperature results in the
breaking of the hydrogen bonds in MEA which makes it more
reactive, enhancing the absorption of CO2 (Balabaev et al.,
2015). As a result, 88% CH4 vol was obtained at 40 C, as rep-
resented in Fig. 8.1 1 1 2 1 3 1 4 1 5 1 6 1 7 1 8 1 9 2 0 2 1
n time [days]
0 C 40 C
different temperatures.
1 1 1 2 1 3 1 4 1 5 1 6 1 7 1 8 1 9 2 0 2 1
tion time [d]
0 C 40 C
l efficiency.
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The removal efficiency is dependent on the rate of absorption
of the process. It is also affected by the factors that affect
absorption, the general expectation is a direct proportion be-
tween the rate of absorption and removal efficiency.
Increasing temperature of the solvent promotes the absorp-
tion and therefore leads to a formation of bicarbonate instead
of the carbamate which is undesired. The removal efficiency
increased from 66% at room temperature to 77% at 40 C.
There are several factors that can be optimized to increase the
removal efficiency such as the absorbent distribution in the
absorption unit.
4. Conclusions
MEA is effective in absorbing impurities in biogas. It can
remove CO2 in biogas resulting in biomethane that is over 85%
CH4. The temperature of the solvent affects the absorption
process. Higher MEA concentration results in high absorption
as 30%MEA solution had the cleanest gas. The temperature of
the solvent also affected the absorption process because the
rate of reaction is dependent on temperature. The removal
efficiency increased with increasing temperature and was
recorded to be 77% at 40 C.
Acknowledgement
The authors acknowledge the South African National
Energy Development Institute (SANEDI), Global Excellence
Scholarship (GES), the Department of Chemical Engineering
and the Process Energy and Environmental Technology
Station (PEETS) at the University of Johannesburg and the
Botswana International University of Science and Technology
for supporting this research.References
Balabaev, N.K., Belashchenko, D.K., Rodnikova, M.N.,
Kraevskii, S.V., Solonina, I.A., 2015. Modeling the structure of
liquid monoethanolamine by molecular dynamics. Russ. J.
Phys. Chem. A 89, 398e405.
Cantrell, K., Ro, K., Mahajan, D., Anjom, M., Hunt, P., 2007. Role of
thermochemical conversion in livestock waste-to-energy
treatments: obstacles and opportunities. Ind. Eng. Chem. Res.
46, 8918e8927.
Deublein, D., Steinhauser, A., 2008. Biogas from Waste and
Renewable Resources. An Introduction. Wiley-VCH Verlag
GmbH & Co. KGaA, Weinheim.Fan, W., Liu, Y., Wang, K., 7/1/2016. Detailed experimental study
on the performance of Monoethanolamine, Diethanolamine,
and Diethylenetriamine at absorption/regeneration
conditions. J. Clean. Prod. 125, 296e308.
Freund, P., Bachu, S., Simbeck, D., Thambimuthu, K., Gupta, M.,
2005. Properties of CO2 and Carbon-based Fuels. IPCC Special
Report on Carbon Dioxide Capture and Storage. Cambridge
University Press, New York, NY.
Hagmann, M., Hesse, E., Hentschel, P., Bauer, T., October 1e5,
2001. Purification of biogas e removal of volatile silicones. In:
The Eighth International Waste Management and Landfill
Symposium. Litotipografia Kalb, Cagliari, Italy, pp. 641e644.
Harasimowicz, M., Orluk, P., Zakrzewska-Trznadel, G.,
Chmielewski, A.G., 2007. Application of polyimide membranes
for biogas purification and enrichment. J. Hazard. Mater. 144,
698e702.
Hullu, J., Maassen, J., Meel, P., Shazad, S., Vaessen, J., 2008.
Comparing Different Biogas Upgrading Techniques.
Eindhoven University of Technology.
Kainiemi, L., Eloneva, S., Toikka, A., Lev€anen, J., J€arvinen, M., 5/1/
2015. Opportunities and obstacles for CO2 mineralization: CO2
mineralization specific frames in the interviews of Finnish
carbon capture and storage (CCS) experts. J. Clean. Prod. 94,
352e358.
Maile, O.I., Tesfagiorgis, H., Muzenda, E., 2015. A review of
possible absorbent regeneration in biogas purification and
upgrading. In: International Conference on Energy,
Environment and Climate Change (ICEECC 2015), Le Meridien
Hotel, Pointe Aux Piments, Republic of Mauritius,
pp. 140e150.
Mao, X.Q., Zeng, A., Hu, T., Xing, Y.K., Zhou, J., Liu, Z.Y., 3/15/2014.
Co-control of local air pollutants and CO2 from the Chinese
coal-fired power industry. J. Clean. Prod. 67, 220e227.
Molina, C.T., Bouallou, C., 9/15/2015. Assessment of different
methods of CO2 capture in post-combustion using ammonia
as solvent. J. Clean. Prod. 103, 463e468.
Palmeri, N., Cavallaro, S., Bart, J.C.J., 2008. Carbon dioxide
absorption by MEA - a preliminary evaluation of a bubbling
column reactor. J. Therm. Anal. Calorim. 91, 87e91.
Rongwong, W., Boributh, S., Assabumrungrat, S.,
Laosiripojana, N., Jiraratananon, R., 2012. Simultaneous
absorption of CO2 and H2S from biogas by capillary membrane
contactor. J. Membr. Sci. 392e393, 38e47.
Ryckebosch, E., Drouillon, M., Vervaeren, H., 2011. Techniques for
transformation of biogas to biomethane. Biomass Bioenergy
35, 1633e1645.
Ye, C., Chen, G., Yuan, Q., 2012. Process characteristics of CO2
absorption by aqueous monoethanolamine in a microchannel
reactor. Chin. J. Chem. Eng. 20, 111e119.
Ye, C., Dang, M., Yao, C., Chen, G., Yuan, Q., 2013. Process analysis
on CO2 absorption by monoethanolamine solutions in
microchannel reactors. Chem. Eng. J. 225, 120e127.
Zhao, Q., Leonhardt, E., MacConnell, C., Frear, C., Chen, S., 2010.
Purification Technologies for Biogas Generated by Anaerobic
Digestion.
